An oligonucleotide-specific capture plate hybridization assay has been developed to rapidly, specifically, and sensitively detect Haemophilus parasuis from nasal swabs. Several in vitro studies have been performed to determine the sensitivity and specificity of the test, and in vivo studies have validated this technique in pigs. Results suggest that the assay detects Ͻ100 colony-forming units/ml in a pure culture and gives a positive result when H. parasuis is present in a ratio of 1:10 3 -10 4 in a mixed culture, and the probe does not hybridize with other related species found in the upper respiratory tract. This assay is more sensitive than culture for detection of the microorganism from nasal swabs and lesions.
Haemophilus parasuis is a common early colonizer of the mucosal flora of the pig. It can cause severe disease following systemic dissemination in animals that have low or no antibody titers (naive pigs), resulting in a complex syndrome that may include arthritis, pneumonia, meningitis, and polyserositis. 4 Haemophilus parasuis grows only in medium containing nicotine adenine dinucleotide (NAD), where it grows slowly. Isolation of this microorganism is difficult and often unsuccessful. Moreover, to isolate it from highly contaminated samples (such as tracheal or nasal swabs), a dilution technique 5 is often used. This technique consists of performing serial 10-fold dilutions of the tissue sample in selective media. The highest dilution that shows bacterial growth is plated on blood agar plates with a Staphylococcus aureus strain that secretes NAD. With the dilution procedure and the use of a selective medium, the overgrowth of Haemophilus sp. by less fastidious organisms can be reduced. However, large numbers of H. parasuis cells must be present in the tissue sample to obtain growth of the organism at the high dilution necessary for isolation. Biochemical tests are then needed to identify and differentiate H. parasuis from other Haemophilus species ubiquitous in the oropharyngeal and upper respiratory regions of swine. 2, 3, 7 To effectively and rapidly detect this microorganism from tracheal and nasal swabs for colonization studies and as a diagnostic tool in clinical cases, an oligonucleotide-specific capture plate hybridization (OSCPH) test 1 to detect H. parasuis was developed. This assay includes a polymerase chain reaction (PCR) (containing digoxigenin-dUTP, dTTP, dATP, dCTP, and dGTP nucleotides) followed by an hybridization step and visualization by peroxidase-labeled antidigoxigenin antibodies. This technique will allow rapid, effective, and simultaneous detection of early colonizers involved in disease.
Here, the development of the technique, determination of its specificity and sensitivity, and comparison with conventional microbiology both in vitro and in vivo are described.
Materials and methods
OSCPH method. The target for amplification is the 16S ribosomal RNA gene (rDNA). Using universal primers, the 16S rDNA from all bacteria are amplified. During PCR, the amplicon is labeled by incorporation of digoxigenin-11-dUTP (dig-11-dUTP). Streptavidin-coated microtiter plates are prepared by preincubating them with biotinylated species-specific oligonucleotides containing the H. parasuisspecific 16S rDNA sequences. After cycling, the amplified dig-11-dUTP product is captured specifically by the speciesspecific probe. This complex is detected using an enzymelinked immunosorbent assay. Antidigoxigenin-Fab fragments conjugated with peroxidase a are added to the wells. After incubation and washing, the substrate (ABTS-POD) a is added. Color is allowed to develop, and optical density is read at 405 nm in an automatic reader.
Design of species-specific probes. To design the speciesspecific probes, the 16S rDNA sequences of H. parasuis (GenBank M75065), closely related bacteria, and those commonly found in the respiratory tract and swine cells were aligned b and the species-specific regions were determined. The species-specific oligonucleotide for H. parasuis was designed: 5Ј-ACGAAGCTGCGAGGTGGAGT-3Ј. The sequence of the oligonucleotide was examined to determine its annealing temperature and hairpin/duplex formation using a computer program. c Finally, a BLAST (instruction available in GenBank to compare a particular sequence with all sequences available in that database) was performed to determine to which other sequences available in GenBank the oligonucleotide might anneal.
Bacterial isolates. For the in vitro studies, H. parasuis reference strains of serotypes 1-9, 14, and 15 were used. In the cross-reaction experiments, field isolates of Actinobacillus pleuropneumoniae serotypes 1, 5, and 7, 4 different field isolates of Haemophilus taxon F, Pasteurella multocida strain A52 (a highly virulent isolate obtained in our laboratory), and the reference strains of Haemophilus taxa C, D and minor, Staphylococcus aureus, Salmonella choleraesuis, and Actinobacillus suis (American Type Culture Collection 15557) were used.
Swab samples. For the in vivo studies, tonsillar and tracheal samples were taken as previously described. 8 The swabs were cultured in pleuropneumonia-like organism (PPLO) medium, d containing 10 g/ml of NAD, 1.5 g/ml of bacitracin, and 0.5 g/ml of lincomicin, at 37 C overnight. Part of the culture was then used to isolate and identify the microorganisms by conventional microbiology, and 1 ml was used to extract DNA for the OSCPH test.
DNA extraction. One milliliter of each culture (pure, mixed, or from a swab) was pelleted and resuspended in lysis buffer (STET), e and cells were lysed by boiling for 10 min. DNA was extracted by the phenol : chloroform method and precipitated with ammonium acetate and ethanol. The DNA was then resuspended in double-distilled H 2 O.
PCR. PCR was performed using the culture-extracted DNA as template and universal 16S rDNA primers f 8 FLP (5Ј-AGTTTGATCCTGGCTCAG-3Ј) and 1492 RLP (5Ј-GGTTACCTTGTTACGACTT-3Ј). The reaction mix contained 1ϫ PCR buffer, 5% glycerol, 4 mM of each primer, 25 mM each of dATP, dCTP, and dGTP, 22 mM dTTP, 2.5 mM dig-11-dUTP, a 3 mM MgCl 2 , and 0.15 U Taq polymerase. a PCR was performed in a thermocycler g and consisted of 35 cycles of 30 sec at 94 C (denaturing) 1 min at 50 C (annealing), and 2.5 min at 72 C (elongation).
OSCPH. The PCR products were quantitated in a gel, and an equivalent amount of DNA of all samples was denatured at 94 C for 2 min and diluted in 180 ml of ice cold hybridization buffer (3 standard saline citrate [SSC], 0.05% sodium dodecyl sulfate [SDS], 2% polyethylene glycol 6000). Streptavidin-coated microtiter plates, a with attached biotin-labeled species-specific probe, f were loaded with 60 l of the PCR product-hybridization buffer solution. Three replicas per sample were loaded to take into account the variability of the test. The plates were incubated for 2.5 hr at 58 C and washed 7 times (30 sec each) with a 0.5ϫ SSC/0.05% SDS washing solution and 1 final time with PBST (phosphatebuffered saline [PBS], 0.1% Tween). Plates were then incubated for 1 hr at 37 C with 100 l of antidigoxigenin-Fab fragments conjugated with peroxidase. After 5 washings with PBST, 150 l of substrate (ABTS-POD) was added and color was allowed to develop for approximately 10 min. The optical density was read at 405 nm in an automatic reader.
Microbiology. For the identification of H. parasuis, 10fold serial dilutions were made from the 6-hr culture of the tracheal/nasal swabs in PPLO/NAD/bacitracin/lincomicin. The entire set of dilutions was incubated overnight at 37 C in a 5% CO 2 atmosphere. The highest dilution showing turbidity was inoculated onto sheep blood agar, streaked with a Staphylococcus aureus nurse strain, and incubated over-night. Colonies showing satellitism around the nurse streak were tested. Biochemical tests for characterization of the isolates included urease; dextrose, sucrose, lactose, xylose, and mannitol fermentations; and D-aminolevulinic acid (to determine a requirement of X factor). 5 Standardization of the OSCPH assay with in vitro cultures. Hybridization conditions, PCR product concentrations used in the assay, and sensitivity and specificity of the probes were determined using pure and mixed cultures prepared in the laboratory.
To determine the microbiological specificity of the test, reference strains belonging to different serotypes of H. parasuis were examined for their ability to hybridize with the species-specific probe. Cross-reactions were determined by performing the OSCPH test with closely related microorganisms and those found in the respiratory tract. Cross-reactions with Haemophilus taxa C, D, F, and minor, A. pleuropneumoniae serotypes 5 and 7, A. suis, P. multocida, Streptococcus suis, Staphylococcus aureus, and Salmonella choleraesuis were examined. Three different PCR product concentrations for most of the samples were used in these experiments to determine when the system was saturated, and each concentration was tested in triplicate to measure the variability of the test.
Microbiological sensitivity of the test was measured by making serial dilutions in PBS of a pure culture of H. parasuis containing 4.8 ϫ 10 9 bacteria/ml. Serial dilutions of H. parasuis (1 ϫ 10 9 colony-forming units [CFU]/ml) were also performed in broth containing a constant mixed culture (1 ϫ 10 10 CFU/ml) containing related microorganisms and common respiratory flora (A. suis, A. pleuropneumoniae, P. multocida, Streptococcus suis, and Haemophilus taxa C, F, and minor). The sensitivity in pure culture was measured and compared using conventional microbiology and the OSCPH assay. In mixed cultures, the sensitivity was measured to determine the last dilution at which the optical density was significantly different from that of the negative control.
Standardization of the OSCPH assay with in vivo samples. To validate the OSCPH assay in vivo, 3 different experiments involving live pigs were performed. In experiment 1, 84 tracheal and nasal swabs from farrowing and nursery pigs were taken, and the results were compared with those from conventional microbiologic assays. The positive control was the PCR product from a pure culture. Negative controls included nasal swabs from 5 55-day-old cesarean-derived pigs and mixed cultures containing A. suis, P. multocida, Haemophilus taxa minor and C, and A. pleuropneumoniae.
In experiment 2, 10 7-wk-old cesarean-derived colostrumdeprived (CDCD) pigs, some vaccinated with a commercial H. parasuis vaccine and some not vaccinated, were infected intratracheally with 4 ml of actively growing culture of H. parasuis serotype 4 or 5 as previously described. 6 The dose used was targeted to cause severe lesions or death in 70-100% of the nonvacciated pigs. One week later, pigs were necropsied; gross lesions were peritonitis, pericarditis, pleuritis, arthritis, and pneumonia. Swabs from these sites were taken, resuspended in PPLO broth, and incubated at 37 C overnight. Part of the culture was used for isolation of H. parasuis in blood agar, and 1.5 ml were used for the OSCPH assay. Gross lesions, microbiology, and OSCPH results were compared.
In experiment 3, nasal swabs were obtained from 11 sows from an H. parasuis-free farm; where the microorganism has not been isolated from animals from this farm. The swabs were resuspended in PPLO/NAD/bacitracin/lincomicin and incubated at 37 C overnight, and 1.5 ml of each culture were used to perform the OSCPH assay.
Statistical methods. The negative control of each test performed was used to determine the cutoff value. Optical density values from the triplicate samples were analyzed for statistical significance using an analysis of variance. The treatment means were compared with the negative control mean using Dunnett's test or with Tukey's test when several negative controls were used. h
Results

Microbiological specificity studies in vitro
Results of the hybridization of the probe with different H. parasuis serotypes are shown in Table 1 . All serotypes tested hybridized with the probe and gave higher values than the negative control, P. multocida. Results of the cross-reaction experiment are shown in Table 2 . Cross-reaction experiments with Salmonella choleraesuis and Staphylococcus aureus were also performed (data not shown), and none of these microorganisms gave a positive result. From the 8 different closely related species that were tested, only 1 strain of Haemophilus taxon F hybridized strongly with the H. parasuis species-specific probe. Three more taxon F strains were tested, none of which cross-reacted (data not shown).
Microbiological sensitivity studies in vitro
Results of the assay sensitivity using pure H. parasuis culture are shown in Table 3 . Viable counts indicated that the culture used had 4.8 ϫ 10 9 CFU/ml. With the PCR, we the amplified DNA could be visu-alized to dilution 6 (data not shown), whereas with the OSCPH test H. parasuis was detected to dilution 7; the conclusion was reached that approximately 100 bacteria could be detected with this test. The sensitivity in pure culture was the same for the OSCPH assay as the conventional microbiologic assays; a few colo- nies grew in dilution 7, and the OSCPH assay still gave a positive result in this dilution.
In the experiment using mixed cultures, the OSCPH assay was performed 5 times. Haemophilus parasuis was detected to dilution 2 (3 times) or dilution 3 (2 times). An example of each case is shown in Table 4 . These results suggest that this test is able to detect H. parasuis when it is present in a ratio of 1:10 3 -1:10 4 in a mixed culture.
Comparison of OSCPH test and conventional microbiology in vivo
Experiment 1. Using conventional microbiologic techniques, H. parasuis was isolated and identified in 3% of the samples (3/84) from farrowing and early nursery pigs, whereas the OSCPH assay detected 85% of the samples as positive (72/84). The 3 H. parasuis isolates detected by conventional methods were not typable, and when they were tested in pure culture with the OSCPH assay, they gave positive results.
Experiment 2. Table 5 shows the pathologic, microbiologic, and OSCPH assay findings. All samples in which H. parasuis was isolated were OSCPH positive. Eleven samples from which H. parasuis was not detected by conventional microbiologic methods were OSCPH positive. Nineteen samples were H. parasuis negative using both techniques. Pathologic findings agreed with the positive results of the other methods, although the microorganism could be identified in some of the tissues that were without lesions, especially with the OSCPH test. Experiment 3. The 11 nasal swabs from the sows from the H. parasuis-free farm were negative.
Discussion
The OSCPH test detected H. parasuis serotypes 1-9, 14, and 15 and 3 nontypable H. parasuis strains (experiment 1). The probe did not cross-react with Haemophilus taxon C, taxon D, and taxon minor, A. pleuropneumoniae serotypes 5 and 7, A. suis, P. multocida, Salmonella choleraesuis, Staphylococcus aureus, or Streptococcus suis. However, the probe did cross-react with a strain of Haemophilus taxon F (Table 2). Taxon F differs from H. parasuis in being indole positive and in the fermentation of a few sugars, although this characteristic is not very specific for taxon F. 3 This taxon has been poorly studied, and DNA (homology) studies may reveal a very heterogeneous group, with some of the organisms that are currently classified into taxon F group being in fact H. parasuis. This idea is supported by the fact that 3 more strains identified in our laboratory as taxon F did not hybridize with the described probe (results not shown). The clinical significance of the strain that cross-reacted versus the 3 taxon F strains that did not cross-react with the probe could not be determined because all isolates were obtained from tracheal swabs from apparently healthy animals.
The in vitro studies showed that this test gives a positive result when Ն100 bacteria are present in a pure culture and when H. parasuis is found in a 1:10 3 -1:10 4 ratio in mixed cultures containing closely related microorganisms.
The pig experiments suggest that the OSCPH probe is much more sensitive than conventional microbiologic methods when working with highly contaminated samples such as those from nasal and tracheal swabs (experiment 1). However, this comparison may be more or less favorable depending on the agar and culture process used. When working with pure cultures, both techniques gave a similar level of sensitiv-ity; both tests gave a positive result to a concentration of 1 ϫ 10 2 . The difference between in vitro sensitivity using pure cultures and in vivo, sensitivity with tissue samples is considerable. The OSCPH assay may detect other microorganisms in vivo that have not yet been identified or that were not compared in the cross-reaction tests. This problem would be solved by finding an acceptable in vivo negative control. Experiments 2 and 3 address this question. CDCD pigs ideally have not been exposed to any microorganisms, although, the pigs used in this study suffered an outbreak of Escherichia coli caused disease before they were challenged with H. parasuis, and many of the swabs taken contained other microorganisms besides H. parasuis. This finding suggests that the animals were exposed to different bacteria, but not to H. parasuis, because the microorganism could not be detected prior to challenge. Nevertheless, CDCD pigs are not a perfect negative control because the diversity of their tracheal microbial flora is lower than that of conventional pigs, and therefore the possibility of cross-reactions with common flora is still likely. The fact that the nasal swabs of sows from the H. parasuis-free farm were negative in the OSCPH assay is much more significant because those adult animals were from a conventional, although very clean, farm. These results suggest that cross-reactions with swine cells or other microorganisms are not likely. Because H. parasuis is an early colonizer and it is found in healthy pigs in early ages, it is difficult to find the perfect negative control. Therefore, the accuracy of the 2 assays in detecting H. parasuis was compared. The OSCPH identified 85% of the pigs as positive, whereas or conventional microbiologic techniques identified only 3% of the pigs as positive.
Another factor that could contribute to the difference of sensitivity of the OSCPH assay and conventional microbiologic methods in vivo is that the conventional methods use the dilution technique to isolate the microorganism from highly contaminated samples. Thus, in those cases where H. parasuis is detected, the microorganism probably exists in large numbers and is a major component in the sample.
Nine samples where only contaminants grew on the blood agar plates also gave a negative result in the OSCPH test. However, from 7 samples where only contaminants could be isolated by conventional microbiologic methods, positive H. parasuis result was obtained with the OSCPH test. These findings suggested that the positive OSCPH results were due to the actual presence of H. parasuis rather than being caused by cross-reactivity with the contaminants.
The results obtained in experiment 2 indicate that the higher proportion of positive OSCPH results are due to higher sensitivity and not to a low specificity of the test; all sites from which samples were taken, except the trachea, were less contaminated, and yet a higher proportion of positive samples was found in the OSCPH assay. The fact that all positive microbiologic samples were also OSCPH positive, that 18 samples were negative with both tests, and that the OSCPH was positive in all but 1 tracheal sample, whereas conventional microbiologic methods were unable to detect H. parasuis in 2 tracheal samples, suggests that the OSCPH assay is the more sensitive and specific test. All tracheal samples were expected to give a positive result because the pigs were challenged intratracheally 1 week before with H. parasuis.
The results obtained with both tests agreed with the results of the pathologic examination in experimentally challenged pigs, although in some cases the microorganism was detected only with the OSCPH at lesion sites. This finding suggests that the OSCPH is more sensitive than conventional microbiologic techniques. In other cases, an OSCPH-positive result was found where no lesions were present, which is not unusual because the presence of the organism does not imply lesions. However, care must be taken when interpreting results of the OSCPH assay because it can detect the organisms below the threshold of or just prior to lesion onset. From this experiment, it cannot be determined whether challenged animals that gave an OSCPH-positive result in a particular site that showed no macroscopic lesion at necropsy would have developed lesions later on.
The cutoff value for the optical density was established in each test at the value significantly higher than that of the negative control. For samples in the field, where each farm presumably would be different, the negative control could include a mixed culture containing related bacteria (such as A. pleuropneumoniae and other Haemophilus spp.) and microorganisms commonly found in the respiratory tract. By using this mixed culture as negative control the different contaminants from each particular farm probably would not reach the cutoff value.
An important disadvantage of the OSCPH assay, as compared with culture methods, is that the organism is not isolated and thus no further studies can be performed, e.g., serotyping, antibiotic sensitivity, and fingerprinting.
In conclusion, the OSCPH assay can be used to rapidly and specifically detect H. parasuis, even in highly contaminated samples. It has the advantage over conventional microbiologic methods of being more rapid, less fastidious, and more sensitive. Although with the OSCPH assay the microorganism is not isolated, it can be useful in a phylogenetic context for identification and classification of microorganisms 16S rDNA sequences. This molecular approach is especially useful with Haemophilus because the various species are not well studied and are difficult to identify.
